Highly sensitive STOX O 2 sensors were used for determination of in situ O 2 distribution in the eastern tropical north and south Pacific oxygen minimum zones (ETN/SP OMZs), as well as for laboratory determination of O 2 uptake rates of water masses at various depths within these OMZs. Oxygen was generally below the detection limit (few nmol L . Where secondary chlorophyll maxima were found the rates were higher than in the oxic water just above. Incubation times longer than 20 h, in the all-glass containers, resulted in highly increased respiration rates. Addition of amino acids to the water from the upper oxycline did not lead to a significant initial rise in respiration rate within the first 20 h, indicating that the measurement of respiration rates in oligotrophic Ocean water may not be severely affected by low levels of organic contamination during sampling. Our measurements indicate that aerobic metabolism proceeds efficiently at extremely low oxygen concentrations with apparent halfsaturation concentrations (K m values) ranging from about 10 to about 200 nmol L À 1 .
a b s t r a c t
Highly sensitive STOX O 2 sensors were used for determination of in situ O 2 distribution in the eastern tropical north and south Pacific oxygen minimum zones (ETN/SP OMZs), as well as for laboratory determination of O 2 uptake rates of water masses at various depths within these OMZs. Oxygen was generally below the detection limit (few nmol L À 1 ) in the core of both OMZs, suggesting the presence of vast volumes of functionally anoxic waters in the eastern Pacific Ocean. Oxygen was often not detectable in the deep secondary chlorophyll maximum found at some locations, but other secondary maxima contained up to $ 0.4 mmol L . Where secondary chlorophyll maxima were found the rates were higher than in the oxic water just above. Incubation times longer than 20 h, in the all-glass containers, resulted in highly increased respiration rates. Addition of amino acids to the water from the upper oxycline did not lead to a significant initial rise in respiration rate within the first 20 h, indicating that the measurement of respiration rates in oligotrophic Ocean water may not be severely affected by low levels of organic contamination during sampling. Our measurements indicate that aerobic metabolism proceeds efficiently at extremely low oxygen concentrations with apparent halfsaturation concentrations (K m values) ranging from about 10 to about 200 nmol L 
Introduction
Oxygen is a fundamental constraint on marine life, and it regulates many biological and chemical processes in the Ocean. Since oxygen is directly linked to carbon by photosynthesis and respiration, it is a diagnostic of the rate at which organic matter cycles in the Oceans (Keeling et al., 2010; Stramma, 2008) . Its regulatory role is particularly evident in marine areas like oxygen minimum zones (OMZs) (Paulmier and Ruiz-Pino, 2009) , where a combination of natural conditions, such as high productivity surface waters, stratification, and reduced circulation leads to extensive depletion of dissolved oxygen at intermediate depths of the water column (Wyrtki, 1962) . The resulting oxygen gradients favor a complex succession of aerobic and anaerobic respiration processes with depth (Wright et al., 2012) , that are tightly regulated by local O 2 levels and the presence of electron donors and alternative electron acceptors. The presence of OMZ regions was described in the early 1900s (Schmidt, 1925) and during recent decades their biogeochemical importance has been recognized, as they are estimated to account for 21-39% of the global oceanic nitrogen (N) loss and a similar percentage of oceanic N 2 O emission (Bange, 2006; DeVries et al., 2012a; Kalvelage et al., 2013) . Only recently we have gained the technical ability to resolve the O 2 distribution in the OMZ with satisfactory accuracy, and to determine the effect of nanomolar O 2 concentrations on biogeochemical cycling. Our ability to detect in situ oxygen concentration in the OMZ improved by about three orders of magnitude, as we progressed from the traditionally used Winkler titrations or electrochemical and optode sensors having detection limits around 1-2 mmol L which enables in situ zero calibration, thus allowing measurement of near zero oxygen concentrations. Consequently the eastern tropical south Pacific (ETSP) OMZs as well as the OMZ in the Arabian Sea were renamed Anoxic Marine Zones (AMZs) , because no O 2 could be detected in the water layers occurring between 20 and 100 m depth and down to a few hundred meters depth. These totally anoxic water layers were shown to coincide with extensive NO 2 À accumulation Jensen et al., 2011; Thamdrup et al., 2012) . Recent investigations have reported that the transitions between aerobic and anaerobic respiration in OMZs are regulated by O 2 levels in the nanomolar range. Even O 2 concentrations as low as 1 mmol L À 1 or less appear to be inhibitory for anaerobic ammonium oxidation (anammox) and, to higher extent, for denitrification (Dalsgaard, personal communication) ; in addition both oxidations of ammonium and nitrite (Bristow, unpublished data) exhibit very low half-saturation concentrations for O 2 and these oxidation processes may occur at much lower oxygen concentrations than previously anticipated. Forecasted decline in Ocean dissolved O 2 (Ocean deoxygenation) will likely lead to expansion, in area and volume of OMZs with widespread consequences (Keeling et al., 2010) . Thus there is a need for more detailed data on the current O 2 distribution, dynamics and consumption rates in OMZ and AMZ waters, with focus on process regulation at low O 2 concentrations.
In this study we investigated the depth and regional variation of oxygen concentration, aerobic respiration in low oxygenated waters, and the potential for aerobic respiration in anoxic waters from the eastern tropical north and south Pacific (ETNP-ETSP) OMZs, through a combination of high sensitivity in situ and laboratory based STOX sensor measurements.
Material and methods

Experimental area and sampling
A total of three stations were investigated during two cruises in two main experimental areas: the eastern tropical north Pacific (ETNP) and the eastern tropical south Pacific (ETSP) (Fig. 1) .
During the ETNP Spring Cruise (March and April 2012) aboard the R/V Thomas G. Thompson experiments were carried out at two main stations: one about 50 km from the Mexican coast, M1 (N 201 03 0 50, W 1061 00 0 81), and an oceanic one ($ 700 km from the Mexican coast) M2 (N 161 29 0 93, W 1091 59 0 00) (Fig. 1 ). In addition dissolved oxygen distribution was determined in two transects ( Fig. 2 and S3 ). Profiles of physical variables were registered with a Seabird SBE-911 conductivitytemperature-depth (CTD) system, which was equipped with an SBE 43 oxygen sensor and an in situ STOX sensor unit (Unisense A/S). Seawater samples were collected using a 10-L Niskin bottle rosette. In the ETSP, Station C1 (S36130 0 85, W73107 0 75), $ 18 km from the coast, was sampled during the MOOMZ4 cruise (March 2012) off Chile, using a pump profiling system (PPS) equipped with a Seabird SBE-25 CTD with an SBE 43 oxygen sensor package and an in situ STOX unit. Incubations were carried out in the Dichato laboratories of Universidad de Concepción.
High resolution oxygen profiling with the STOX sensor (Revsbech et al., 2009; Revsbech et al., 2011) was typically carried out on the first cast, together with nutrient measurements (Fig. S4) , to characterize the water column at each station. We selected the depths for sampling mainly on the basis of in situ oxygen concentrations, detected by the STOX sensor and the two SBE 43 oxygen sensors, targeting seawater masses with naturally different oxygen concentrations. The main chosen primary sample depths were: oxygenated surface waters, partially oxygen depleted oxycline waters and completely oxygen depleted waters from below the oxycline. For each depth bottle incubations were performed shortly after sampling, as shown below.
Reactor experiments and STOX sensor 2.2.1. Measurements of community respiration rates
Experiments from stations M1, M2 and C1 were carried out in custom-modified Schott Duran s glass bottles of 1160 mL. The bottle design and filling procedure has been described previously . During the incubations the bottles were kept in darkness and submersed in a water bath maintained at the desired temperature (12 1C for C1; 14 1C for M1 and M2). Continuous stirring was accomplished using glass coated magnets (Fisher Scientific s ), while placing the container with the bottles on magnetic stirrers (IKA s ). The seawater was partially or fully degassed by constant bubbling with He (Station C1) or N 2 þ0.04% CO 2 (stations M1 and M2) before being siphoned into the incubation bottles under a stream of N 2 . If O 2 concentrations were too low for the specific experiment small volumes of water were added by a syringe with a long needle through the pressure compensation tube of the bottle. All experiments were conducted within 24 h of sampling with incubations for respiration rates normally lasting $ 15 h. Before all experiments the glassware was washed in 0.1 M NaOH and subsequently in 0.1 M HCl to avoid organic contamination. The STOX microsensors were built as described previously (Revsbech et al., 2009; Revsbech et al., 2011) . Calibration was performed by injecting known volumes of air-saturated water into each bottle. The electronics applied for shipboard and laboratory based experiment were identical. The sensor currents were measured with a PA8000 eight-channel picoammeter (Unisense A/S), while the polarization and depolarization of the front guard were regulated by a custom-built timer-controlled switch-box with the timer set to cycles of 200 s on and 200 s off. The signals were collected by a Unisense ADC816 16-bit A/D converter, connected to a portable PC using the program Sensortrace Basic (Unisense A/S).
Effects of organic contamination and time on community respiration rates
Two sets of experiments were performed in order to investigate the effects of time (i) and organic contamination (ii) on CR rates in discrete bottle incubations. i) The effect of time solely was evaluated on water samples from 900 m depth that were incubated in two reactors for a total time of 37 h. ii) Organic contamination was simulated with amendment of casamino acids to the samples. A solution of casamino acids, source of both carbon and nitrogen, was injected into two bottles containing seawater from 102 m depth to a final concentration of 1 mg L À 1 . The time course of O 2 consumption in both amended and two unamended bottles, was monitored over an extended time frame of 60 h.
Data analysis
Data processing was done in Microsoft Excel. Respiration rates were calculated by simple linear regression of oxygen concentration versus incubation time over discrete ranges of oxygen concentrations and the fit to a linear model was evaluated by the correlation coefficient, r 2 , all rates presented have R 2 40.60.
When possible kinetic parameters: V max (maximum respiration rate) and K m (apparent half-saturation concentration) for community respiration (CR) were estimated using a modified equation from an empirical relationship, originally developed for light saturation curves for photosynthesis (Jassby and Platt, 1976) as described previously .
In situ oxygen profiling
High resolution in situ oxygen data were acquired with a STOX sensor unit as described by Revsbech et al. (2011) . Sensors were operated with 10 s front guard cathode polarization, 20 s front guard depolarization cycles, and data were logged by the Seabird CTD electronics at a rate of 24 s À 1 . The amplification of the signal was set so that the highest oxygen concentrations close to the surface were out of range, as the 12-bit AD converter of the Seabird CTDs otherwise would result in an insufficient resolution of low O 2 concentrations. The calibration of the in situ STOX sensor was done using paired values of STOX signal and oxygen concentration signal and oxygen concentration measured by the SBE 43 sensors at depths where O 2 concentrations were relatively high but still below the maximum of the STOX electronics. We did not compensate for the rather small effect of pressure found at water depths of less than 1000 m (a decrease in sensitivity of 3% can be expected at 500 m according to Glud et al. (2000) , but it was necessary to compensate for sensitivity changes due to temperature).
Calibrations done on 4 different sensors showed the following relationship:
where Signal % is the percentage of the signal at 25 1C obtained at a temperature of T 1C.
Oxygen concentrations were analyzed with the STOX sensors during the upcasts, where both SBE43 and STOX sensors are more stable, and the release of oxygen from polymers in the Seabird instruments should be minimized (see Supplementary Material). Data, used for the calculation of accurate values and the detection limit for oxygen for each station were collected at depths where water was sampled, and the CTD therefore was positioned for several minutes. In situ detection limit during the deployments varied from 4 to 300 nmol L À 1 O 2 due to differences in the resolution of the electronic units and quality of the sensors used during the different cruises.
Nutrient analysis
Nutrient samples were analyzed on board (ETNP cruise). Water samples were filtered (GFF glass fiber) before analysis, and analyzed using the US-JGOFS protocols (http://usjgofs.whoi. edu/protocols_rpt_19.html). Nutrient samples for the ETSP cruise were analyzed in a land-based laboratory using standard procedures (for representative in situ nutrients profiles and hydrocasts see Fig. S4 ).
Results
In situ oxygen distribution in the ETNP and ETSP OMZs
For all the investigated stations (M1, M2 and C1) ( Fig. 1) , and during two transects in the ETNP (Figs. 2 and S3 ) oxygen was consistently below detection limit of the STOX sensors in both ETNP and ETSP OMZ cores (Figs. 2 and 3) .
From the near-shore Station M1, located $50 km from the Mexican coastline, to the open Ocean Station M2 ($ 700 km), the thickness of the completely oxygen depleted water layers decreased, as the depth of the upper oxycline increased, from 15-25 m at M1 to 100-150 m at M2 (Fig. 2) . Less variability was found for the position of the lower oxycline where deep oxygenated waters appeared around 700-800 m depth. At the upper oxycline the oxygen concentration often changed abruptly over a span of a few meters, from near saturation to below detection limit, whereas the lower oxycline was characterized by less steep concentration gradients. In ) could thus go undetected. Station C1 (Figs. 1-3 ), off Dichato, was analyzed at the end of the austral summer when the seasonal OMZ, which is an extension of the permanent ETSP OMZ, was still present. Oxygen decreased continuously from the water surface down to the oxic-anoxic interface at 40-50 m, and O 2 was below detection (about 10 nmol L À 1 ) down to the bottom (about 100 m depth) for the majority of the period. A high degree of mixing and variability was detected at station C1 during the period of investigation, as visible in Fig. 3 . The upper limit of the anoxic layer (0.1 mmol L À 1 isoline) varied between days, oscillating between 45 and 55 m. During 17th and 18th of March, the core of the OMZ was not anoxic and concentrations between 1 and 2 mmol L À 1 were measured (Table 1) .
In situ oxygen concentration in the ETNP OMZ secondary chlorophyll maximum
A secondary chlorophyll a maximum was detected at both Stations M1 and M2 ($ 50 m and 110 m depth, respectively), whereas no such feature was detected at Station C1 in the ETSP OMZ at the time of this study. In the first case, the secondary chl maximum was below the upper oxycline and no O 2 was detectable in those waters (O 2 resolution with a relatively poor STOX sensor $200-300 nmol L À 1 ) (Fig. 2, Cast 112) . For Station M2, 5 casts out of 6 showed that the approximately 10-50 m thick water layer containing the secondary maximum contained O 2 concentrations in the low nanomolar range (up to 400 nmol L (Fig. 2, Cast 160) . Another example of the presence of oxygen at the secondary chlorophyll maximum can be seen in the Cast 166, where the average O 2 concentration7SE (n) at 100 m was 168718 (5) nmol L À 1 (Fig. 2 , at this location the photosynthetically active radiation (PAR) was also measured. The PAR at secondary chlorophyll maximum depth (110 m) was 0.75 mE/m 2 s, whereas at the first chlorophyll maximum (55 m depth) it was 58.9 mE/m 2 s (around 16.00-17.00 UTC). Detailed in situ data showing an oxic secondary chlorophyll maximum (cast 158) are shown in Fig. S1 .
3.3.
Bottle incubation experiments and oxygen uptake rates 3.3.1. Community respiration: regional and depth variations The respiration rates at each sampled depth of the four stations are presented as averages of O 2 uptake rates expressed in a diverse range of oxygen concentrations, as shown in Table 2 , and for Stations M1 and C1 also presented graphically in Fig. 4 .
As a general trend, higher respiration rates were found in oxic surface waters (up to 70 nmol L À 1 h À 1 , St. C1) ( Fig. 2 , off Mexico (S112, S160, S166, S170), and in Fig. 3 off Chile (days 18, 19 and 22 of March). Measurements (mean 7 SE) were taken while the sensor was standing at a fixed depth in order to register several polarization cycles (number of cycles in brackets). Values shown for the anoxic core (between 200 and 500 m in north Pacific and below 50 m in the south Pacific) could be considered as the detection limit for that sensor at that station, except for the S170 at 500 m (*) where an intrusion of oxygen locally increased the measured concentration (see Fig. 2 ).
S112 S160 S166 S170 ).
Community kinetics and response to different O 2 levels
Samples from both ETNP and ETSP OMZs were used to study the community response to different levels of O 2 (Table 2, Fig. 4) . For Station M1, the planktonic community from surface waters (4 m) showed high O 2 uptake rates at all the analyzed O 2 levels (2.5-0 mmol L À 1 ). The apparent K m value for this community, obtained by modeling the CR from a sample incubated in the 2-0 mmol L À 1 O 2 range, was 113 nmol L À 1 (model fit R 2 ¼0.998).
Instead in a parallel bottle, where the sampled water was incubated in the 500-0 nmol L À 1 O 2 range, the apparent K m value for the community was 18 nmol L À 1 (model fit R 2 ¼0.996). In both replicate samples the calculation of the K m value was based on modeling of the 500-0 nmol L À 1 O 2 depletion curve, according to the Jassby and Platt modified equation . The community inhabiting upper oxycline waters at M1 (25-30 m) behaved slightly differently and performed high respiration rates only above 100 nmol L À 1 O 2 . For samples below the upper oxycline, at 40 and 300 m depth, the potential for CR detected was relatively high (Table 2 , column 2) considering the increasing depth and the in situ anoxic conditions. Station C1 showed a different trend for surface waters (5 m) when considering rates at different O 2 concentration ranges; in fact CR seemed to decrease with O 2 in the concentration range 900-10 nmol L À 1 (Fig. 4, 
The planktonic communities at C1 from low O 2 waters (30 m), oxycline (40 m) and anoxic (50 m) waters showed fairly constant respiration rates throughout the nanomolar range of concentrations. Due to the low respiration rates it was not possible to estimate reliable K m values for these depths.
In incubations with water from the secondary chl. maximum at Station M2 (110 m), O 2 concentration decreased linearly in the range from 80-10 nmol L À 1 O 2 (two reactors, data not shown).
Community response to time and organic contamination
The influence of time and organic contaminations, accomplished by an addition of casamino acids, on respiration rates was investigated with two sets of incubations. For evaluating the effect of prolonged incubation time on community respiration in bottle incubations, water samples from 900 m depth at Cast 170 ( Fig. 2 ) with presumably extremely low activity were incubated in two reactors for a total time of 37 h (Fig. 5) . CR rates detected during the first 15 h were indeed very low (0.4-0.08 nmol L À 1 h À 1
), but they steadily increased to reach about 10 times the initial values in the time interval 26-37 h.
Another set of incubations lasting 58 h was performed with seawater from 102 m at St. M2, where the in situ O 2 concentration was 1 mmol L À 1 . Duplicate bottles were set up with and without the addition of 1 mg L À 1 of casamino acids (Fig. 6 ) to test the effect of increased dissolved organic matter concentration. Dissolved free amino acids (DFAA) are a source of both carbon and nitrogen, often constituting, even with concentrations in the low nanomolar range, a major proportion of the microbial C and N demands (Keil and Kirchman, 1999; Middelboe et al., 1995) . Initial (0-20 h) respiration rates for both treatments were very low: 1.6 and 1.9 nmol L À 1 h
, for normal seawater and AA-treated seawater respectively. Over time rates increased, as for the 900 m water experiment just described, and after about 50 h the respiration rates in the unamended bottles were about 9 times higher than during the initial 20 h, whereas the rates in the amended bottles were about 33 times higher. Rates thus increased after 20 h of incubation due to uncharacterized bottle effect in unamended water, but the increase was much higher when easily degradable substrate such as amino acids were added. Oxic water had to be injected into the bottles to avoid anoxic conditions when the rate of consumption increased. Thus the rates of consumption were measured at O 2 concentrations decreasing from about 130 nmol L 
Discussion
OMZs and AMZs, in situ O 2 distribution
The in situ O 2 profiling of the ETNP OMZ, both in its coastal and oceanic areas, consistently showed O 2 levels below the detection limit of the STOX sensor, indicating the presence of a vast volume of functionally anoxic water (Figs. 2, 3, and S3 ). The presence of O 2 at low nanomolar levels (detection limit here down to o4 nmol L À 1 ) in OMZ core waters, which have residence times of several to tens of years (DeVries et al., 2012b) , is unlikely to support any biological or , such as found near the upper oxycline. These results confirm the suggestion by Ulloa and colleagues , that the OMZ of the North Pacific could also be an AMZ since it features the same characteristic NO 2 À and N 2 O profiles as the Arabian Sea and the ETSP OMZ . Similar conditions of undetectable O 2 were, at least for most of the experimental period, found for Station C1, which is a seasonal extension of the permanent ETSP OMZ (Montero et al., 2007) . Station C1 is characterized by intrusion of nutrient-rich, oxygenpoor Equatorial Subsurface Waters (ESSW), which enhances primary productivity in the surface waters and subsequent organic matter degradation in subsurface waters. Pronounced changes in the depth of the oxycline occurred during the sampling period (Fig. 3) , and the whole water body was actually oxic during the first two days of the experimental period. Detailed knowledge about the oxygen status of these waters, as presented in this paper, is critical in order to constrain models of elemental cycling and microbial activity.
OMZs and AMZs, planktonic community respiration
When the planktonic communities harboring these functionally anoxic waters are exposed to oxygen concentration at the nanomolar to few mmolar level (Tables 1 and 2 ), aerobic respiration starts immediately. This shows a high degree of versatility for microorganisms that are constantly exposed to, and most likely adapted to, anoxic conditions. It is possible that these communities maintain a functional machinery for aerobic metabolisms due to occasional mixing-events or intrusions of O 2 -rich waters in the OMZ core (Whitmire et al., 2009) . Signs of such an intrusion were found for Casts 170 (Fig. 2) and 171, where O 2 in submicromolar concentrations were found at about 500 m depth, separated from other oxic waters by hundreds of meters of anoxic water. Investigation of temperature and salinity profiles (Fig. S4 ) however did not show any sign of distinct water masses. This oxic water layer was also detected by the Seabird O 2 sensor (for a similar comparison of Seabird and STOX data see Fig. S1 ), confirming the validity of the measurement. Signs of turbulent mixing were found in the oxycline regions of the water column where O 2 profiles could be very irregular, but it is not clear how the nanomolar-oxic intrusion in the very core of the OMZ had happened. In order to draw down the O 2 concentration to below detection, and to keep it there, the microorganisms must be able to consume O 2 at these extremely low concentrations.
There are strong indications that the ability to respire O 2 in the lower nanomolar range is a common phenomenon in both natural communities and pure cultures of microorganisms (Lloyd, 2002; Stolper et al., 2010; Tiano et al., 2014) , and that branched respiratory chains give high metabolic flexibility to microorganisms; such as denitrifiers (Chen and Strous, 2013) , which are mainly facultative, and would use oxygen first, if available (Zumft, 1997) . The O 2 levels in the OMZs and O 2 affinity of aerobic processes, in combination with the sensitivity of anaerobic processes to O 2 , control the distribution of these microbial processes. Nitrification requires O 2 but may proceed at very low O 2 concentrations (Bristow et al. unpubblished data, Lam et al., 2009; Martens-Habbena et al., 2009 ). Anammox and denitrification are traditionally considered to occur at O 2 concentrations up to 20 mmol L À 1 (Devol, 1978; Jensen et al., 2011; Kalvelage et al., 2011; Kalvelage et al., 2013) , but are now also suggested to be severely inhibited already at sub-micromolar O 2 concentrations (Dalsgaard et al., unpublished data, Babbin et al., 2014) . The discrepancy between estimates of the O 2 sensitivity of dissimilatory nitrate and nitrite reduction may partially be due to differences in incubation conditions, where incubation in nonstirred water with aggregates may cause local oxygen depletion (e.g. Ploug, 2001 ). These conditions would allow anaerobic processes to occur under what appears to be relatively high O 2 concentrations, whereas incubation of water under stirred conditions may destroy aggregates and prevent local O 2 depletions, thus resulting in sensitivity concentrations and K m estimates that might better reflect the physiology of the microorganisms.
Kinetics of planktonic community respiration
The CR of the analyzed water masses did in some cases exhibit pronounced changes with changes in O 2 concentration (Table 2 and Fig. 4 (Morris and Schmidt, 2013) . Further Kalvelage and colleagues (Kalvelage et al., 2013) detected genes for high affinity terminal oxidases in the ETSP OMZ waters. It is likely that most prokaryotes living under electron donor limitation in deep low-oxygen Ocean water are fine-tuned to use the energetically most favorable electron acceptors available, as the diffusional supply of O 2 to the individual cell, even at concentrations of a few nanomolar, is sufficient to maintain the slow growth rates (Stolper et al., 2010) enabled by the low supply of electron donors. There are, however, also indications that the thermodynamically most feasible reactions may coexist with alternative reactions with less energy efficiency such as the occurrence of sulfate reduction in high-nitrate waters . ). The scatter in CR values presented in Table 2 and Fig. 4 can to a major extent be explained by the natural variability among replicate bottles filled from a common larger reservoir, where one single crushed aggregate or a larger eukaryote may significantly affect the activity within a single bottle.
The ability to efficiently respire very low O 2 concentrations could be expected for the secondary chl. maximum layers of the OMZ, where a tight coupling between O 2 producing cyanobacteria, especially of the genus Prochlorococcus (Goericke et al., 2000; Lavin et al., 2010) , and organic matter degradation through aerobic processes is likely taking place. In some profiles we detected submicromolar O 2 concentrations in the secondary chlorophyll layer (Fig. 3, Fig. S4 ), indicating that the photosynthetic activity might contribute to a rather thick ( $ 10 m) water layer with these low O 2 concentrations. Low but sufficient blue light was previously detected in the ETNP OMZ in correspondence with the secondary chl. maximum (Cepeda-Morales et al., 2009) . Similarly, in our study, the photosynthetically active radiation (PAR) in the secondary chlorophyll maximum (i.e. Cast 147) was comparable to 1.3% of the PAR present in the first chlorophyll maximum (see results in Section 3.2). Therefore there may be a significant volume of water within the secondary chlorophyll layer that shift between oxic conditions and functional anoxia during diurnal light cycles. A respiration rate of 7.7 nmol L À 1 h À 1 would thus suffice to make water with initially 48 nmol L À 1 O 2 , functionally anoxic during a 12 h dark period. In those cases, where we did not detect O 2 in the secondary chlorophyll maximum there may have been a tight coupling between simultaneously ongoing aerobic and anaerobic processes at the vanishingly low O 2 concentrations that can be expected to be present during the light hours. It still needs to be elucidated which ones are the oxic and anoxic processes that occur in actively photosynthesizing, and thus O 2 producing, secondary chlorophyll maxima, when O 2 is below the detection limit.
Regional and depth variation of CR
Respiration rates were higher at the more productive coastal Stations (M1, C1) than at the open Ocean Station (M2). Oxygen uptake was higher in surface and subsurface layers, coinciding with higher chlorophyll concentrations and lower beam transmission values (Table 2) indicating that higher respiration rates were connected to higher densities of phytoplankton and microorganisms and/or suspended particles. Although respiration rates generally decrease with depth (Feely et al., 2004; Karstensen et al., 2008) , we observed relatively high activities in waters at the oxycline. Relatively high rates of potential respiration were also measured in the originally anoxic waters just below the oxic-anoxic interface when these were incubated at low oxygen concentrations (Table 2, M1: 30-40 m, C1: 40-50 m) . These zones are characterized by high rates of re-mineralization, which lead to OMZ intensification, and aerobic and anaerobic processes in these layers may occur simultaneously under nanomolar-oxic conditions , or just temporally separated due to oxygen intrusions or photosynthetic activity. The oxic-anoxic interface may thus be a site for intensive oxidation of NO 2 À that accumulate to relatively high concentrations in the anoxic water masses. This O 2 -requiring process may co-occur with anaerobic processes such as NO 3 À reduction to NO 2 À which seems to be less inhibited by O 2 than other N-reducing processes (Kalvelage et al., 2011 (Kalvelage et al., , 2013 .
Community response to time and organic contamination
Direct assessments of the very low microbial respiration below 200 m in the water column are rare and results are controversial (Arístegui et al., 2005a (Arístegui et al., , 2005b Reinthaler et al., 2006) , despite the fact that those water masses account for 72% of the volume of the global Ocean.
Our method was able to resolve respiration rates even below 200 m depth, during incubations of o15 h. Due to the STOX sensor's very low detection limit, oxygen uptake rates down to
could be determined.
Respiration rates measured after more than 20 h of incubation were greatly overestimated (Fig. 5) , and did not reflect the original metabolic activity of the planktonic community, possibly due to "bottle effects" (Robinson and Williams, 2005; Sherr et al., 1999; Stewart et al., 2012) . There is, of course, also a possibility for overestimation of metabolic rates during the initial 20 h, due to possible contaminations with organic material from the sampling and incubation equipment. We tested this possibility by adding casamino acids (Fig. 6 ) and observed no significant increase in respiration within the first 20 h. The addition had the potential to stimulate respiration, as highly increased rates were observed after 20 h. However, the dominating bacterial population in this open Ocean sample was apparently not geared to take immediate advantage of the increased nutrient availability. Dominating groups of free-living cells in the oligotrophic Ocean such as the SAR11 cluster are reported to be very limited in metabolic potential (Grote et al., 2012) and might not be able to respond immediately to increased nutrient concentrations. However, gene expression analysis indicates that they respond to sampling and laboratory incubation with a pronounced stress response .
Conclusions
To conclude we have here reported oxygen distributions associated with the north and south east Pacific OMZs core regions to be below detection limits. Considering the presence of high-affinity terminal oxidases, with K m values of about 3 nmol L À 1 that would reduce concentrations of a few nanomolar to femtomolar levels in a few hours, these layers can be defined as functionally anoxic. We have also quantified the O 2 consumption and its kinetics, by relying on multiple STOX sensors functioning simultaneously. Our measurements have been limited to few replicates due to a limited numbers of functioning sensors, but we have been able to demonstrate the general distribution of oxic metabolism and its kinetics throughout the water column. The very low consumption rates of o5 nmol L À 1 h À 1 could only be reliably resolved at O 2 concentrations below about 200 nmol O 2 , with a detection limit of about 0.5-1 nmol L À 1 h À 1 . Advances in electrochemical sensor and optode technology (Holtappels et al., 2014; Koren et al., 2013) will no doubt considerably lower this detection limit and it is our estimate that we in the future will be able to reliably determine rates down below 0.1 nmol L À 1 h À 1 .
Another limitation has been the assumption of a fair description of O 2 uptake kinetics by Michaelis-Menten or modified Michaelis-Menten (i.e. Jassby and Platt) models. These models do not strictly apply to mixed communities, but better alternatives are lacking.
The O 2 respiration rates found near the oxic-anoxic interface (2-30 nmol L À 1 ) are generally one order of magnitude higher than combined denitrification and anammox rates reported from similar or same locations (e.g., Dalsgaard et al., 2012; Hamersley et al., 2007; Kalvelage et al., 2013) . However, some of these rates may be underestimated, possibly due to O 2 present in the incubations. This O 2 contamination may originate from polymers in Niskin bottles and rubber septa (De Brabandere et al., 2012) .
Respiration rates should preferably be measured during incubations lasting less than 16 h as we found pronounced increases in respiration rates, that we could only attribute to effects of the enclosure (i.e. bottle effects), in longer incubations. These bottle effects may have caused some of the inconsistencies in the O 2 budgets based on previously collected data (Biddanda and Benner, 1997) , as the low activity in Ocean water has required long incubation times by the methods applied until now. There are still many unanswered questions about the transformations in OMZ regions, and many of these questions are associated with the impact of sub-micromolar O 2 concentrations on the actual biogeochemical transformations. We now have significantly improved tools to elucidate these interactions.
